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IceCube is a cubic neutrino telescope under construction at the South Pole since the austral summer 2004/2005 
with a total instrumented volume of the order of 1 km"^. At the moment it is taking data with 40 deployed 
strings. The full detector is expected to be completed in 2011 with up to 80 strings holding 60 digital optical 
modules (DOMs) each. The progenitor detector AMANDA has been operating at the same site since 1997 and is 
still functioning as a means to enhance neutrino effective area at energies below 100 GeV. A summary of science 
results and status of the project is presented. 



1. INTRODUCTION 

1.1. High-Energy Neutrino Astrophysics 

Neglecting gravity, neutrinos interact only by 
way of the weak interaction. This precludes ab- 
sorption by matter and radiation fields which af- 
fect photons and therefore potentially allows ob- 
servation of objects and processes that are not 
accessible to conventional gamma-ray astronomy. 
Targets of interest include the neighborhood of 
black holes and active galaxies, where photonic 
emissions are subject to absorption by ambient 
matter and extragalactic background light. The 
obvious disadvantage resulting from the restric- 
tion to weak interactions is the need for very large 
detector volumes to achieve at least a moderate 
event yield. 

One of the longest-standing problems in astro- 
physics is the search for the origin of cosmic ra- 
diation [T. Since the direction of charged cosmic 
rays, except at the very highest energies, effec- 
tively gets scrambled by magnetic fields, any in- 
formation about their origin must come from elec- 
trically neutral particles, i.e. photons and neutri- 
nos. Investigation of this issue is one of the main 
goals of Very High Energy ( VHE) neutrino detec- 
tors, with instrumented volumes up to one cubic 
kilometer. These take advantage of Cherenkov ra- 
diation of charged particles produced in interac- 
tions of neutrinos with ambient matter. The large 
fiducial volume required for the detection of the 
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comparatively low neutrino fluxes at TeV-PeV en- 
ergies makes it necessary to take advantage of 
large natural occurrences of light-transparent me- 
dia, such as the deep sea or polar ice sheets. 

So far, no VHE neutrino signal from outside 
the solar system has been detected. This situa- 
tion is expected to change after completion of a 
new generation of detectors with an instrumented 
volume of the order of 1 km^ 

2. THE ICECUBE DETECTOR 

2.1. Overview 

IceCube is expected to become the first op- 
erational cubic-kilometer scale neutrino detector. 
Built at the geographic South Pole around its pre- 
decessor AMANDA, the sub-surface detector (In- 
Ice) is scheduled to reach its full extent of 80 ver- 
tical strings carrying 60 digital optical modules 
(DOMs) each by the year 2011 [3j. Already, with 
40 deployed strings, it is the largest neutrino tele- 
scope ever built and has started delivering data 
of unprecedented quality. An additional detector 
component, the surface air-shower array IceTop, 
will eventually comprise 80 pairs of frozen water 
tanks with two DOMs in each. Figure [l] shows 
a schematic view of the three components of Ice- 
Cube in its current configuration. 

While the main focus of IceCube is astro- 
physics, there is also a wide range of other re- 
search topics. These include investigation of neu- 
trino oscillations, indirect searches for dark mat- 



2 



IceTop 




Inlce \ 

\ f \'\\ 



AMANDA 



To account for the various event topologies, 
several diferent hardware triggers were imple- 
mented in IceCube. The most important is the 
Single Majority Trigger (SMT8), requiring a sig- 
nal corresponding to about 0.3 photoelectrons 
("hit") in eight DOMs within a time window 
of 5000 ns. Only those hits are counted for 
which a local coincidence requirement is fulfilled, 
meaning that at least one neighboring or next- 
to-neighboring DOM must also register a signal 
within 1000 ns. Data falling within ±10/i5 of 
the trigger time are combined to separate events. 
Several simple reconstruction algorithms are then 
applied in real time and those events that pass a 
set of simple quality cuts are transmitted to the 
northern hemisphere by satellite. About 6% of 
all events are selected in this way, corresponding 
to a data rate of slightly more than 30 GB/day. 



Figure 1. Schematic view of the IceCube de- 
tector, showing the three currently operating 
components: IceTop surface air shower array, 
AMANDA detector and Inlce strings. As of 2008, 
IceTop and Inlce are both completed to 50% 
(40/80). 



ter and exotic particle physics, such as direct 
searches for magnetic monopoles. Due to its lo- 
cation, IceCube will be sensitive mostly to neu- 
trino signals from the northern hemisphere, since 
above the horizon background from downgoing 
muons makes separation of the neutrino signal 
very challenging. 

2.2. Hardware 

So far, 2400 DOMs have been deployed, with 
an overall failure rate of about 2% [T. Each DOM 
contains a photomultiplier tube facing downward 
and two boards for readout and calibration elec- 
tronics. Waveforms recorded by the photomulti- 
plier are digitized in situ and transmitted to the 
surface by twisted-pair cables located inside the 
strings. Surface readout electronics are situated 
inside a counting house located at the center of 
the array. 



2.3. Status 

After the 2007/08 austral summer deployment, 
a total of 40 strings have been completed. The 
SMT8 trigger rate in this configuration is about 
1000 Hz, which is expected to rise to 1650 Hz in 
the full 80-string detector [5 . In addition to the 
Inlce strings, 40 IceTop surface tanks are oper- 
ating, each containg two DOMs. Construction of 
the detector is proceeding according to schedule 
and is should be completed by 2011. Fig. [2] shows 
the all-sky muon fiux as measured with 2007 data 
using 22 Inlce strings. The result demonstrates 
that simulation of the detector response is reason- 
ably well understood for track-like events coming 
from all zenith angles. The simulated angular 
resolution at trigger level and after two different 
quality cuts is shown in Fig. [3) 

3. PHYSICS RESULTS 

3.1. Astrophysical Point Sources 

Processes leading to the production of VHE 
7-radiation can be subdivided into two classes. 
In electronic emission mechanisms, gamma rays 
are produced by inverse Compton scattering of 
high energy electrons on ambient photons. Con- 
versely, hadronic models assume gamma produc- 
tion through the decay of neutral pions, which in 
turn are produced in interactions involving high- 
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Figure 2. All- Sky Muon Flux as measured with 
IceCube-22, renormalized to trigger level. The 
data in this plot represent a total livetime of 275.6 
days. The downgoing muon flux has been simu- 
lated using CORSIKA/SIBYLL and is shown sep- 
arately for single and multiple-primary (coinci- 
dent) cosmic ray showers. Muon neutrino events 
were only simulated below a zenith angle of 70 
degrees. 



Figure 3. Zenith angle error for muon tracks de- 
pending on quality cut level. The "High-Zenith" 
Cut as used to generate the component of Fig. 
[2] with cos6 > 0.2 shows a residual tail of events 
that have no correlation to the true direction. Af- 
ter the tighter "Low-Zenith" cut, applied only to 
events around and below the horizon, the tail has 
vanished. The median resolution varies from 0.7 
to 0.8 degrees depending on the zenith angle. 



energy protons. Observations by gamma-ray tele- 
scopes have so far not provided unambiguous ev- 
idence for either model, irrespective of the source 
type [6]. 

Neutrino astrophysics provides a natural means 
to distinguish between the two mechanisms, since 
hadronic interactions will also produce charged 
mesons, all of which decay into final states con- 
taining at least one neutrino. Purely electronic 
emission processes produce neutrinos only in neg- 
ligible numbers. Any detection of neutrinos from 
a specific source would therefore constitute very 
strong evidence for the hadronic model [2 and 
consequently allow to identify the sources of cos- 
mic radiation. The search for point sources of ex- 
traterrestrial neutrinos is a major analysis topic 
in IceCube. In order to improve sensitivity, var- 
ious sophisticated search methods have been de- 
veloped [7]. 

A final result for the AMANDA, covering seven 
years of detector operation, has recently been 
completed [8 . The result, along with that for 



IceCube-22 [9 , is shown in Fig. |4] Both the 
AMANDA and IceCube data are fully consistent 
with background fiuctuations. The IceCube re- 
sult shows a slight feature at 11 degrees below the 
horizon. The background probability, taking into 
account all trial factors, was determined to be 
1.3%, corresponding to approximately 2.3cr. Data 
taken during the 2008 season using 40 strings 
should be sufficient to make a definite statement 
about the nature of this excess. 

3.2. Diffuse Neutrino Flux 

The diffuse analysis represents an alternative 
approach in the search for an astrophysical neu- 
trino signal. Here, an all-sky search is con- 
ducted looking for an excess at high neutrino en- 
ergies. To separate the signal from background, 
an energy-correlated parameter cut is applied af- 
ter carefully cleaning the data of downgoing muon 
tracks. For AMANDA data from 2000 to 2003, 
this method yielded 6 events in the final sam- 
ple, compared to an expected background of 6.1. 
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This corresponds to a limit for diffuse muon neu- 
trino flux from the northern hemisphere of E^^ < 
7.4 X 10~^GeVcm~^s~^sr~^ for an assumed E~'^ 
spectrum with 15.8 TeV< < 2.5 PeV, cover- 
ing 90% of the simulated signal [1^. The result 
also has implications for prompt (charm) produc- 
tion of atmospheric neutrinos, ruling out some of 
the highest-yielding models at 90% C.L. 

3.3. Other Physics Analyses 

Searches for neutralino WIMP signals from the 
Sun and Earth have been completed using data 
from 2001 and 2001-2003 respectively |11J. The 
corresponding result for IC22 will be published 
soon. The limits on the muon flux from neu- 
tralino annihilation are consistent with or slightly 
better than those from other indirect searches, in 
spite of AMANDA'S shorter integrated live time. 
Analyses of the remainder of AMANDA data are 
ongoing [12 . 

Gamma Ray Bursts (ORB) are believed to be 
a likely source for ultra-high energy cosmic rays 
and high energy neutrinos, motivating a search 
for a neutrino signal in coincidence with tran- 
sient gamma signals from satellite-borne detec- 
tors. For the years 2000-2003, 407 bursts were an- 
alyzed looking for corresponding up-going muon 
tracks, but yielding no neutrino candidate events 
inside the temporal and spatial search windows. 
Also, "rolling" searches were conducted looking 
for an excess of cascade events within a prede- 
fined time independent of known burst alerts. All 
results were consistent with background expec- 
tation. The best limit so far, obtained by the 
coindicent muon analysis, lies slightly above the 
Waxman-Bahcall flux, one of the standard bench- 
marks in calculating neutrino yields from GRB 
[13] . At the time of the exceptionally bright GRB 
080319B [H], IceCube was taking data with 9 
strings. A search for neutrino emission has been 
conducted and will be published soon. 

Further studies have been undertaken look- 
ing for Ultra-High Energy (UHE) neutrinos [15j, 
magnetic monopoles [16 and diffuse neutrino 
fluxes based on detection of electromagnetic and 
hadronic cascades from and neutral cur- 

rent interactions [17 . None of the results showed 
a statistically significant excess over background. 




Figure 4. Significance maps for neutrino point 
source searches. Top: Result from 2000-2006 
AMANDA analysis. Bottom: IC22 unbinned 
search. Note the different scales on each plot. 
With respect to the AMANDA result, the aver- 
age sensitivity in the IC22 analysis has improved 
by a factor of two. 



Remarkably, the first extraterrestrial object de- 
tected by IceCube was the sun, seen by the Ice- 
Top surface array. During a solar flare in 2006, 
the energetic particle spectrum was measured in 
the energy range 0.6-7.6 GeV through variations 
in the discriminator counting rate |18j . 

4. OUTLOOK 

As the IceCube detector increases in volume, 
new possibilities for physics analyses will arise. 
One entirely new path of investigation is the 
search for tau neutrino interactions. Due to fla- 
vor oscillations, one out of three of all astrophys- 
ical neutrinos arriving at the Earth is expected 
to be a Poi" this type of interaction, sev- 
eral characteristic signatures have been identified. 
The major advantage in detecting tau neutrinos 
is the very low background from atmospheric in- 
teractions, making detection of an extraterrestrial 
signal significantly less ambiguous than in other 
channels (e, ji) [19 . 

Operation of the AMANDA detector as a sub- 
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system of IceCube will be concluded with the end 
of the 2008 season. Eventually, its function will 
be taken over by the six Deep Core strings, the 
first of which should be deployed during the aus- 
tral summer 2008/09. On each of these strings, 
50 DOMs will be arranged with a spacing of 7m 
starting at a depth of approximately 2100 m, 
which corresponds to a region of exceptionally 
clear ice [20] . 

In this low-energy extension, the 80 main Ice- 
Cube strings can be used to veto tracks com- 
ing from above the horizon, expanding the active 
aperture for detection of muon neutrinos to the 
southern hemisphere. Since this is where the bulk 
of the galactic plane, and hence the majority of 
potential galactic neutrino sources, is located, it 
can be expected to have a significant impact on 
science operations. An additional effect of back- 
ground vetoing is a decrease in the effective muon 
neutrino energy threshold to values of 50 GeV or 
even less [2T] . 

A variety of analyses will make use of the a 
combination of several IceCube components. The 
addition of the Deep Core will allow to set more 
stringent limits on solar WIMPs. Preliminary in- 
vestigations indicate an improvement by up to an 
order of magnitude for low mass neutralinos [22] . 

The IceTop surface array together with the In- 
Ice component should be able to study cosmic 
rays up to the EeV range. By combining surface 
radius and in-depth intensity of muon showers, 
IceCube will be able to make cosmic ray composi- 
tion measurements, especially around the "knee" 
at Epj^ifYiary 3PeV [23j . 

5. CONCLUSION 

The transition from AMANDA to IceCube has 
so far been remarkably successful. First physics 
results have been published, validating the excel- 
lent performance of the new detector. As IceCube 
continues to grow with every deployment sea- 
son, increases in both volume and angular resolu- 
tion should soon allow results to significantly sur- 
pass those from AMANDA. An important sym- 
bolic milestone for IceCube was reached in 2008, 
as integrated exposure exceeded Ikm^yr. Data 
becoming available over the course of the next 



few years will allow important physics investiga- 
tions, such as a probe of the diffuse Waxman- 
Bahcall fiux and exclusion or confirmation of vari- 
ous emission models for individual cosmic objects. 
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